The effect of laser irradiation on chemically vapor deposited (CVD) graphene was studied by analyzing the temporal evolution of Raman spectra acquired under various illumination conditions. The spectra showed that the normalized intensity of the defect-related peak increases with the square root of the exposure time and varies almost linearly with the laser power density. Furthermore, the hardness of graphene to radiation damage depends on its intrinsic structural quality. The results suggest that, contrary to the common belief, micro-Raman spectroscopy cannot be considered a noninvasive tool for the characterization of graphene. The experimental observations are compatible with a model that we derived from the interpretative approach of the Staebler-Wronski effect in hydrogenated amorphous silicon; this approach assumes that the recombination of photoexcited carriers induces the breaking of weak C-C bonds.
Introduction
Metastability of thin films grown either by physical or chemical vapor deposition has been extensively studied in the last few decades as one of the several phenomena occurring in numerous materials. These phenomena include heating-induced structural changes, e.g., agglomeration [1] , or the creation of additional defects under electrical or optical stimulation [2] .
Rather than an absolute and isolated minimum of the total potential energy, a phenomenological description of this class of systems considers the configurational ground state to be a relatively flexible arrangement of the atoms. This arrangement allows various local minima of potential energy separated by a relatively continuous distribution of barriers.
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The healing or self-healing of graphene defects has been reported in previous studies. Those studies focused, in general, on the use of thermal treatments [3] , presence of loose C atoms and/or catalyzing metal atoms [4] , and atomic layer deposition of metals [5] or AlxOy compounds [6] . The results suggested that metastable defects also occur in graphene. The properties of the material grown by chemical vapor deposition can either be improved via the large-area production of graphene crystals, or by tailoring its properties in a bottom-up fashion. However, the mechanism governing the aforementioned metastability can also be studied by, for example, intentionally producing defects and determining their formation kinetics.
Raman spectroscopy is considered one of the best tools for assessing the quality and structural properties of graphene [7, 8] . A typical Raman spectrum of graphene exhibits certain features. For example, the first observable peak appears at a wavenumber of ≈1,590 cm −1 and is associated with the zone-center, in-plane longitudinal optical phonons. This G peak is characteristic of sp 2 -hybridized C-C bonds. The second prominent peak occurs at ≈2,700 cm −1 . This 2D peak is associated with a double-resonance process, which creates an electron-hole pair that recombines after two inelastic-scattering events involving phonons with opposite momenta. If defects are present, one of the two scattering events can occur elastically and the D peak, observed in this case, exhibits only half the Raman shift. A concomitant drop in the intensity of the 2D peak occurs in the case of strong D peaks.
Raman spectroscopy is, in principle, nondestructive (no sample preparation is required and photons are employed), and the resulting spectra contain a wealth of information. Hence, this technique constitutes one of the routine tools used in the characterization of graphene and the optimization of its synthesis [9] . Some studies have shown, however, that intense laser irradiation changes the properties of graphene. These changes result from either reversible photon-induced doping of the material [10] , disassembly of the graphene monocrystal into a nanocrystalline network [11] , or ablation of the graphene multilayer until a monolayer [12, 13] .
Therefore, samples may be damaged when the laser light is focused down to the diffraction limit, as in the case of micro-Raman instruments, and as reported in the case of exfoliated material [11] . In the case of chemically vapor deposited (CVD) graphene, the assessment of the technique is necessary to obtain reliable data regarding the quality of the sample.
As such, this paper describes experiments performed with the aim of investigating the effects of laser irradiation on CVD graphene samples. The general intent is to propose a model that can interpret the kinetics of defect evolution in terms of illumination time and laser power density.
Experimental
Graphene was synthesized via chemical vapor deposition, using a 99.8% Cu foil (Alpha Aesar N°13382) as a catalyst and CH 4 as a precursor gas, in a vacuum chamber of a rapid thermal annealing apparatus [13] . The Cu foil was initially cleaned with acetic acid at 60 °C , sonicated in acetone and ethanol, encapsulated between two oxidized silicon wafers, and then inserted in the reactor chamber. The encapsulation of the foil produces a closed environment that improves the quality of the graphene, by reducing the number of nucleation centers and, consequently, increasing the size of the graphene domains [14] . After 5 min in a H 2 atmosphere to remove the residual Cu oxide, 30 sccm of CH 4 and 20 sccm of H 2 were pumped into the chamber for 5 min; this was performed at a constant temperature of 1,025 °C and pressure of 6.7 mbar. The resulting graphene was then transferred onto a Si substrate with 300 nm SiO 2 , using poly(methyl methacrylate) (PMMA) as a supporting layer [15] . The graphene layer on the back-side of the Cu foil was etched with O 2 plasma, before dipping the sample in a 1 M FeCl 3 solution in order to remove the Cu. After repeated washing in H 2 O, the PMMA/graphene structure was picked up with the Si/SiO 2 target substrate, with Au/Pd markers that were prefabricated via optical lithography; the PMMA was removed by acetone. Nano Res. 2015, 8(12) : 3972-3981
The apparatus for micro-Raman analysis was composed of a Diode Pumped Solid State Laser operating at a wavelength of  = 532 nm and a power of 150 mW.
Spurious components of the laser line were filtered by an Omega Optical interference filter centered at 532 nm. A beam-splitter with 98% transmission at 45° was placed in a Leitz Secolux 6 × 6 microscope to direct the laser onto a 125×, 0.80 n.a. The spot was focused to a diameter of d = 2 m, rather than 1 m, thereby reducing the power density. The sample was moved at a rate of 124 steps/m using two mechanical stages (Physik Instrumente). In addition, the emitted light was filtered by means of a Sciencetech 9030DS Double Subtractive Monochromator, and analyzed by a Solar Laser Systems M833 Double Monochromator, equipped with two 600 l/mm gratings. The corresponding spectra were recorded by a Hamamatsu C7040 back-thinned CCD head. The entire system was controlled by a software developed using LabView ™ .
Results and discussion
Figure 1(a) shows the Raman spectrum of the CVD graphene, collected in macroconfiguration with a laser ( = 532 nm, wavelength) spot diameter and power at the sample of d = 100 μm and P = 11.7 mW, respectively; the spectrum was collected at a power density of Ψ 150 W/cm 2 and an integration time of T integ = 60 s. This spectrum is very similar to the typical one collected via the micro-Raman spectroscopy of exfoliated graphene [11] , but exhibits a slightly higher D peak. Considering the spatial averaging character of the macrotool, this result encouraged us to perform a micro-Raman investigation in order to select the best areas; the micro-Raman investigation is expected to yield results of higher quality than those obtained from the macroinvestigation.
As such, the D peaks in most of the micro-Raman spectra collected in a standard configuration ( = 532 nm, d = 2 μm, P = 2 mW, Ψ  6.4 × 10 4 W/cm 2 , T integ = 45 s), are more pronounced than those obtained in the macrocase. The spectrum resulting from the mathematical averaging of ~1,400 acquisitions collected from a 40 μm × 30 μm area by the microtool, exhibits ( Fig. 1(b) ) a more pronounced defect-related D peak than its macrocollected counterpart. According to Krauss et al. [11] , these results indicate that additional defects are created when the laser is focused down to a micrometer-sized spot. Furthermore, the sample is damaged when the Raman technique is applied to CVD (rather than exfoliated) graphene. This damage occurs despite the use of significantly lower power (64 kW/cm 2 [11] vs. 400 kW/cm 2 ) and energy (3.8 MJ/cm 2 [11] vs. 12 MJ/cm 2 ) densities. Tiberj et al. [10] reported that photo-induced doping is directly related to the substrate preparation. In other words, when graphene is transferred onto Si/SiO 2 substrates that are used in the as-received condition without any cleaning, the doping of graphene flakes remains constant for the entire range of laser power. Doping from adsorbates may also result in changes in the Raman spectra, as evidenced by the blue-shift of the G band [11, 16] . For example, Krauss et al. [11] observed Raman G-mode softening and shifting with illumination time and attributed the removal of dopants to laser heating. In our experiments, however, the intensity and position of the Raman G-mode, were invariant with both time and illumination power density. This finding concurs with the conclusions of Tiberj et al. [10] , i.e., we transferred graphene onto as-received substrates, and the results suggest there was a negligible amount of adsorbates on the surface of the graphene.
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In order to elucidate the laser-irradiation-induced degradation of the graphene, we performed microRaman spectroscopy measurements at various laser power densities ( ); the power densities considered were reduced to 50% ( = 32 kW/cm 2 ), 80% (51 kW/cm 2 ), and 90% (58 kW/cm 2 ) by using neutral density filters. Figure 2 shows maps of the I D /I G Raman peak intensity ratio from two graphene regions (16 μm × 16 μm): Maps (Figs. 2(a) and 2(b)) are collected in the first region at power levels of 80% and 100%, respectively; Figs. 2(d) and 2(e) are collected in the second region at respective power levels of 100% and 80%. The acquisition time for each point was T integ = 45 s. The differential maps shown in Figs. 2(c) and 2(f) reveal the damaging effects of the second exposure. The role of the laser power in the formation of additional defects is evident, as more damage is induced by the second exposure at increasing, rather than decreasing, power levels (first region). However, both cases show that defective graphene is prone to degradation. This indirectly agrees with the results obtained by Krauss et al. [11] , who had to employ one order of magnitude higher power density than that used here, to produce defects in exfoliated graphene; in general, the Raman D mode of exfoliated graphene is very weak, indicating a low concentration of pristine defects.
CVD graphene is polycrystalline and is composed of grains with sizes ranging from tens of nm to hundreds of m, depending on the deposition conditions. The I D /I G intensity ratio is strongly correlated to the average grain size, which is typically estimated via Raman spectroscopy [17] . The basis for this estimation stems from the observation that most of the defects are located at the grain boundaries.
The D peak and another Raman feature, the D peak, which occurs at a wavenumber of 1,600 cm , are attributed to armchair boundaries and states located at the zigzag boundaries, respectively [17] . However, the D peak was never observed in our investigations, indicating that the formation energy of the defects associated with this peak is higher than that of the defects formed in the current study. This concurs with theoretical calculations of the formation energy of armchair and zigzag boundaries in graphene nanoribbons [18] . The formation of armchair boundaries requires energy of 2.3 eV per atom, i.e., 1 eV per atom less than that of zigzag boundaries. This difference results from substantial lattice relaxation that occurs on the armchair edge, whose edge C atoms have bond lengths of 0.123 nm. In contrast, lattice relaxation does not occur at the edge atomic site of the zigzag edges and hence a bond length of 0.138 nm is obtained. A similar situation could be envisaged in the case of topological defects, such as pentagons, where the formation of armchair-related defects would require a smaller energy than that of their zigzag counterparts. The formation energy of armchair edges is similar to the energy of impinging photons in a conventional Raman apparatus that uses green light. This formation energy is, in turn, similar to the energy released into the lattice owing to the nonradiative recombination of a photo-generated electron-hole pair.
By using various laser energies, the nature of these metastable defects can be understood through a systematic analysis of defect evolution with time. This systematic study is, however, beyond the scope of the current work, which is focused on analyzing the kinetics of these defects during laser irradiation.
The distribution of the I D /I G intensity ratios was extracted from a Raman map. As Fig. 3 shows, this distribution is asymmetrical and well described by a log-normal function. The distributions shown here were derived from maps collected at power densities of 80% and 100%, respectively, applied to two adjacent regions. A laser power density of 100% results in a broader distribution that is shifted towards higher values of I D /I G , compared to that obtained at a power density of 80%; the I 2D /I G intensity ratio is always symmetrically distributed.
A log-normal distribution results from a process in which the variate obeys the law of proportionate effect. In other words, the value of the variate at a given step of the process is a random fraction of its value at the previous step [19] . Therefore, the laserirradiation-induced random evolution of the I D /I G ratio can be expressed as a percentage of the number of defects, via a proportionality factor that depends on the laser power. This proportionality indicates that defects in the laser-induced material are generated from defects in the pristine material.
We analyzed the evolution of the Raman spectra in order to determine the kinetics of defect formation in the CVD graphene. This was done by focusing the laser (Ψ = 64 kW/cm 2 , d = 2 μm) onto three points of the sample, which exhibited similar I D /I G ratios in the pristine state, but different I 2D /I G . The laser irradiated these points for 2 h and spectra were acquired at 10-min intervals and an integration time of T integ = 45 s. As Fig. 4(a) shows, the I D /I G ratio increases monotonically with the square root of the time.
This dependence suggests that new defects form rapidly in the first stage of illumination, and at gradually decreasing rates thereafter. The investigated spots on the sample surface all exhibit this K· t 1/2 dependence, albeit with differing values of the proportionality factor K; these differing values are indicative of different reactivities to the damaging action of the laser beam. Furthermore, the maps in Fig. 2 suggest that regions without pristine defects exhibit low reactivity, i.e., K ≈ 0. This observation concurs with the trends shown in Fig. 4(a) , where the slope of each linear fit (in the t 1/2 scale) increases with increasing initial value of I D /I G .
The slope K also varies with the I 2D /I G intensity ratio. In Fig. 4(a) , regions with I 2D /I G  4, exhibit different slopes (vs. t 1/2 ) owing to the different initial concentrations of defects. However, the linear trends observed here are remarkably steeper (i.e., the K values are significantly higher) than those observed in the case of I 2D /I G = 2. This suggests that samples with larger Nano Res. 2015, 8(12): 3972-3981 The slope of the linear fit of the four sets of data is shown as a function of  (log-log scale), in the inset. The slope, on the log-log scale, is  (≈ 1.0 ± 0.2).
I 2D /I G ratios are, in general, more prone to photon damage than those with smaller ratios; in other words, bilayer graphene is more laser radiation hard. K also varies with the power density Ψ, as evidenced by the time evolution of I D /I G with illumination of the same spot at various (50%, 80%, 90%, and 100%) power levels ( Fig. 4(b) ); the spots were illuminated for the same amount of time at each power level. The colored bar chart (Fig. 4(b) ) corresponds to the right axis and indicates the various power levels, whereas the I D /I G (left axis) values are plotted against the square root of time, over four cycles. These plots reveal a clear dependence of K on the value of Ψ.
The results of our experiments indicate that the density of laser-induced defects exhibits some general dependence on the I D /I G ratio. Based on the results of Raman spectroscopy, this density depends on the: (i) initial value of the defect density in pristine conditions; (ii) square root of the time exposure at a fixed laser power density; (iii) electron-hole pair photogeneration rate G which is almost linearly proportional to Ψ.
The photo-induced formation of defects may be attributed to a thermal mechanism, associated with the sample heating at the laser spot. The well-defined dependence, summarized above, of the I D /I G ratio on the experimental parameters is, however, difficult to explain in the framework of a simple thermal model. The heating of the sample can actually be monitored through the spectral evolution of the Raman modes (the G peak in particular), with time and power density [20] . As Fig. 5 shows, this peak shifts only slightly with time or laser intensity, indicative of a temperature increase on the light spot of some tens of °C [20] . This indicates that the formation of defects is not thermally induced.
In fact, the experimental findings may be expressed via the following expression
where the density of defects N d (t ill ) is assumed to be proportional to the I D /I G intensity ratio, t ill is the laser exposure time, N d (0) is the pristine defect density, and const, denotes some position-dependent constant. Based on Eq. (1), the results of the fitting shown in (1) suggests that the first approach is less detrimental to the sample, i.e., using lower power densities results in less damage to the sample than higher densities. In order to determine whether there is a safety limit for the power density value, we reduced this density to the minimum allowable value for our apparatus; settings of Ψ = 19 kW/cm 2 and T integ = 600 s were used in order to obtain spectra with acceptable S/N ratio. These conditions, although inadequate for acquiring Raman maps, allow the time evolution of defects on a single spot to be monitored. Consistent with the trend specified by Eq. (1), the I D /I G intensity ratio increased by 30% within the first 120 min of illumination. Possible departures from this trend may occur in the case of Raman instruments that have superior optical capabilities owing to the use of lower laser power levels than those employed in this work; excitation with less energetic photons can also lead to superior capabilities. In this case, however, the scaling of the Raman crosssection with the inverse fourth power of the excitation photon energy, requires longer integration times than those used in the current study.
Equation (1) is analogous to the relationship proposed by Stutzmann et al. [2] to explain the kinetics of illumination-induced transition of metastable defects in hydrogenated amorphous silicon (a-Si:H), i.e., the so-called Staebler-Wronski effect (SWE). There are, however, important differences: Firstly, the evolution of defects in the a-Si:H, is governed by a cubic, rather than quadratic (Eq. (1)), power law; in addition, in that model [2] N d (0) << N d (t ill ) and is, in general, negligible; lastly, the relationship proposed by Stutzmann et al. [2] is a simplified version of a more complex model, and is obtained for low injection rates.
The recombination, if nonradiative, provides the energy necessary for breaking the associated weak bonds. Subsequently, the process of electron-hole recombination proceeds at the band-tail states, which are metastable defects associated with the weak (elongated, distorted) bonds of the a-Si:H network.
This argument can be extended to the case of CVD graphene, considering its polycrystalline nature. Defects in graphene are located primarily at the grain boundaries, where covalent bonds of neighboring C atoms are weaker than those in the interior of the grains: One C atom on the border exhibits only two, reasonably weaker, saturated bonds, whereas pentagons or heptagons are more likely to be present [4] . Therefore, weak, metastable bonds (WB) occur in relatively higher densities in the vicinity of preexisting defects than in the grain interiors. The higher susceptibility of CVD graphene, than that of exfoliated graphene, is attributed to the high density of WB at these defects; for a given sample, the higher susceptibility (compared to that of others) of some portions to damage is also attributed to this high density.
There is, in general, a consensus regarding the enhancement of the D mode and the concurrent softening of the 2D mode in highly defective graphene [11] . We propose that Raman scattering at metastable bonds occurs via the 2D transition, and involves two photons each with energy ħΩ′. This energy differs from the phonon energy ħΩ, which is exchanged in the 2D Raman scattering at stable bonds. As in the case of folded graphene, where the Fermi velocity is lowered by a few percent [16] , this reduction can also occur in the case of elongated/distorted bonds. This indicates that Dirac cones are somewhat broadened at those sites. Theoretical studies have also shown that breaking of the honeycomb symmetry can lead to distorted Nano Res. 2015, 8(12) : 3972-3981 Dirac cones, as in the case of graphynes [21, 22] . In fact, the elastic scattering, which gives rise to the D mode is typically attributed to the large distortion of the Dirac cone at defect sites [23] .
The occurrence of 2D transitions at distorted Dirac cones, which have differing exchanged phonon energies, concurs with the observation that the 2D mode is, in general, broader in defective regions than in other areas. The evolution of defects as a balance between D and 2D transitions can be monitored via the Raman technique. Defect creation enhances the D mode, and shunts the 2D transition, by providing additional electron-hole recombination pathways through photogenerated defects. Figure 6 shows the correlation between the intensities of the D and 2D peaks obtained from different regions of a graphene sample illuminated by two different laser powers. The figure indicates that the photogeneration of defects reduces the intensity of the competitive 2D transitions. This reduction leads to the self-limiting trend of the photogenerated defects.
The better stability (Fig. 4 ) of bilayer graphene, compared to its single-layer counterpart, is also attributed to the reduction in the intensity of the 2D transitions. In fact, the 2D structure of bilayer graphene constitutes a convolution of four different peaks, which originate from four transitions that occur through the energy subbands of the system. This Figure 6 Correlation between the I D /I G and the I 2D /I G ratios from two graphene regions irradiated at 80% (red circles) and 100% (blue circles) power levels. The two large markers represent the 1 st , 2 nd (median), and 3 rd quartiles of the two sets of data, indicating that sample irradiation enhances the D peak at the expense of its 2D counterpart. structure is therefore more complex than that of singlelayer graphene and hence provides more pathways for electron-hole recombination. As such, the weight of a specific recombination process responsible for bond breaking is reduced.
In order to formulate a simplified interpretative model of the kinetics of metastable defect creation, partially borrowed from Stutzmann et al. [2] , we consider the basic set of equations describing generation/ recombination phenomena in graphene
where n and p are the electron and hole concentrations in the conduction and valence bands, respectively. Assuming that the material is nearly intrinsic, n and p represent the respective photogenerated electron and hole concentrations, at the illumination levels of the experiment. In this case, p >> p 0 and n >> n 0 , and the subscript "0" corresponds to the carrier concentration in a pristine material, under dark conditions;  accounts for the direct band-toband recombination and  n,p are the probabilities of recombination transitions occurring in centers associated with defects whose density is N d . Equation (2c) accounts for the creation of new defects through the interaction of a small fraction of electrons in the conduction band (with density n WB ) with metastable and weak bonds. The complete solution of the set of equations is beyond the scope of this work; however, some approximations can be adopted to interpret our experiments. First, we assume that the rate of increase in the density of defects is significantly lower than the carrier kinetics. In other words, this increase occurs over a considerably longer time scale than the carrier generation/recombination processes. In this case, Eqs. (2a) and (2b) can be solved separately from the equation involving the defect kinetics (Eq. (2c)). The quasisteady state approach (i.e., dp/dt = 0 and dn/dt = 0) leads therefore to the following coupled Although based on simplified hypotheses, Eq. (9) justifies the phenomenological expression given by Eq. (1) and describes the time evolution of metastablebond degradation into N d defects. The formation of new defects leads to the formation of new weak bonds at neighboring sites, and hence to a progressive disassembly of the graphene sheets [11] .
The derivation of Eq. (9) is similar to the approach Stutzmann et al. [2] used to model the SWE under low-illumination conditions. However, our model is based on the assumption of high injection conditions, defined by Eq. (7), which lead to bimolecular recombination and, consequently, an almost constant hole concentration (Eq. (8)). This recombination accounts for the G 3/4 dependence in Eq. (9), which is similar to the estimation of , as calculated from the fit in Fig. 4(b) . On the other hand, the time evolution of defects is assumed to be exclusively determined by a small fraction of photogenerated electrons, n WB << n, which undergoes defect-mediated pure monomolecular recombination.
Conclusions
A model for the kinetics of defect formation in CVD graphene under illumination is proposed. The model assumes that electron-hole recombination involving weak bonds provides sufficient energy for the conversion of metastable bonds into defects and concurs strongly with the experimental observations. The self-limiting kinetics confirm that the D and 2D are competing transitions for carrier recombination. From a more applicative point of view, the results reveal that the susceptibility of graphene to damage by photons stems from irregularities in the graphene atomic network. In other words, damage to the mechanically exfoliated material requires a photon flux one order of magnitude larger than that required for damage to its CVD counterpart. For this reason, great care must be employed when performing Raman characterization of CVD graphene. In particular, there is no reversibility between the time of spectrum integration and the laser power. Therefore, use of low values of the latter, and hence high values of the former, is suggested. The technique can be fruitfully employed for graphene structuring, by taking advantage of the possibility of monitoring in situ the evolution of the process.
